The study of fragmentation processes should be tackled using different approaches, in order to obtain solid and robust evidence that could help in identifying potential barriers and threats for species. In this study, we have evaluated the spatial fragmentation patterns in Artemisia crithmifolia (Asteraceae) along its current distribution along the Atlantic coastlines of Europe, from Portugal to the Netherlands and the UK. Niche modelling analyses considering current and past climatic conditions, combined with plastid markers, have been used to evaluate the disconnected distribution pattern of the species, genetic flow between populations and habitat suitability for present and past populations. Plastid markers showed very low variability, while suggesting that the westernmost populations from the Atlantic coast of the Iberian Peninsula are partially genetically isolated, due to the existence of a potential barrier for gene flow on the northern Spanish coast. However, niche models identify this area as a potential habitat for the species, even during the last glacial maximum (20,000 years ago). The combination of both techniques allows identification of potential refugia for the species, highlighting the most likely recolonisation routes and distribution patterns which resulted in the overall low levels of genetic diversity. Anthropogenic activities (urban sprawl, beach expansions, etc.) are most likely behind local extinctions, thus preventing the establishment and expansion of new populations.
Introduction
Marine ecosystems have been recognised among the habitats that are at higher risk from global climate change. This includes those areas located in coastal and estuarine zones (e.g. Poff et al. 2002; Feagin et al. 2005) . Coastal regions are especially fragile environments, and so are the species that inhabit them, since they live close to their tolerance thresholds (Wethey et al. 2011) . Certainly, the existence of several environmental gradients associated with both biotic and abiotic variables contributes to their unique characteristics (e.g. salinity, humidity, competition Helmuth et al. 2002; Occhipinti-Ambrogi 2007) . Unfortunately, coastal dune ranges have been repeatedly altered, suffering from both climatic fluctuations and human activities (tourism, infrastructures, urban sprawl, Heslenfeld et al. 2004 ). In addition to this, the presence of invasive species, which are often linked to the above-mentioned economic activities and are in direct competition with native flora (Doody 2013) , frequently poses a challenge to maintaining the ecosystem's equilibrium. Consequently, several coastal dune habitats have been included in the Habitats Directive of the European Union with the aim of promoting their conservation and sustainable use (Habitat Directive, European Commission 1992) . The study of the phylogeographic patterns of coastal plant species has seen increasing interest over recent years (Weising and Freitag 2007) . Representing a narrow distribution (i.e. the shoreline), these habitats become an ideal scenario to test biogeographical hypotheses concerning the existence of barriers to genetic exchange (e.g. transport routes, straits or oceanic courses), climate change or geological events (Ruiz et al. 2000; Kadereit et al. 2005 ). Southern European peninsulas (i.e. Balkan, Italian and Iberian Peninsulas) have been recognised as potential refugia for many plants and animals during glacial periods (Hewitt 1999; Médail and Diadema 2009; Patsiou et al. 2014) . This hypothesis has been widely tested in many plant species (reviewed in Nieto Feliner 2014) occurring in a diverse range of habitats [alpine (Patsiou et al. 2014; Kyrkou et al. 2015) , boreal (Gussarova et al. 2015) and riparian (King and Ferris 1998) ]. However, until recently, our understanding of the influence of Quaternary oscillations over marine and inter-tidal habitats and the species inhabiting them was relatively limited (Weising and Freitag 2007) . The latest developments in climatic modelling and studies using isotopes have therefore provided significant insights into the impact of abiotic factors (such as temperature changes or alterations of sea level and coastal line) in shaping plant diversity in coastal habitats in recent millennia (Lang 1994; Frau et al. 2014) .
The genus Artemisia comprises more than 500 species (Oberprieler et al. 2007 ). Many of the species are landscape dominant, showing expansive distributions as the result of their adaptations to a wide range of habitats and environmental conditions . Most species are wind-pollinated, and although seeds are lacking pappi, their relatively small size and light weight allows longrange dispersal to take place frequently (Laursen et al. 2007) . Artemisia crithmifolia L. (A. campestris L. subsp. maritima (DC.) Arcang.) is an ideal system in which to investigate the genetic consequences of late Pleistocene climatic oscillations in a coastal plant with a wide distribution and significant long-range dispersal capability. The species occurs in coastal sand dune habitats of Atlantic European shores, along a fragmented distribution range of more than 3000 km, from the southwest coast of Spain to the Netherlands, including two isolated populations on the coasts of England and Wales (Pellicer et al. 2009 ). In its current distribution, the northern distributional limit of A. crithmifolia matches precisely the December/January/ February mean temperature isotherm of 4°C (van Andel 2002, Fig. 1 ), suggesting the importance of colder temperatures for its distribution. In this context, we posed the following questions aimed at gaining further insights into the phylogeographic history of this taxon, combining genetic studies with present and past species distribution models: (1) Do plastid markers allow inference of genetic structure in A. crithmifolia populations, and could structure be associated with long distance dispersal (LDD) events? (2) Is there any evidence suggesting a pattern of southern refugium occupation based on the genetic structure of the species? (3) Is there congruence between the past distribution modelling and current genetic structure? (4) What are the likely origins of the British populations?
Materials and methods

Population sampling
A total of 133 specimens from 48 populations of A. crithmifolia from Spain, Portugal, France, Belgium, the Netherlands and the UK were collected and analysed for this study (Table 1 ; Fig. 1 ). Populations were sampled to cover the whole distribution area of the species and capture most of the inter-population genetic diversity and unique haplotypes. Two to three individuals were collected per population. To minimise excessive sampling from within the progeny of a single maternal plant, the individual samples were collected from plants at least 10 m apart. Further details about the studied material (population origin, geographic coordinates, number of analysed individuals, collectors and herbarium vouchers) are shown in Table 1 and Fig. 1 .
DNA extraction, chloroplast regions and PCR conditions
Leaf tissue dried in silica gel (approximately 20 mg) was used for DNA extraction using the CTAB protocol (Doyle and Dolyle 1990 ) with minor modifications. Quality and quantity of DNA extracts were checked with a NanoDrop 1000 spectrophotometer and in 0.8% agarose gel stained with SYBR (Invitrogen, the Netherlands).
After a pilot study involving eleven nuclear and chloroplast markers (ADH gene, LEAFY gene, psbA-trnH spacer, rbcL gene, rpl32-trnL spacer, rps12-rpl20 spacer, rps16 gene, trnK gene, trnS-psbC spacer, trnS-trnC spacer and trnS-trnfM spacer), two chloroplast regions, rpl32-trnL and psbA-trnH, were chosen for this study because of their successful sequencing and the greater level of variability found. The first region, rpl32-trnL, was amplified with rpl32 and trnL (UAG) primers (Shaw et al. 2007 ). The Phylogeography of the coastal species Artemisia crithmifolia 511 primer combination psbA (forward) and trnH (reverse) was used for the psbA-trnH region (Hamilton 1999 
Molecular data analysis
The psbA-trnH and rpl32-trnL sequences were assembled with BioEdit version 7.1.3.0 (Hall 1999) , aligned with ClustalW Multiple Alignment v1.4 (Thompson et al. 1994) and adjusted manually. DnaSP v5 (Rozas et al. 2003 ) was used to estimate the genetic variation shown by the data (including polymorphic sites, parsimony informative sites, number of haplotypes and total haplotype diversity). Plastid haplotypes were determined from nucleotide substitutions and insertions/deletions (indels) in a combined data set that included both the psbA-trnH and rpl32-trnL regions. Indels were treated as single-mutation events. The evolutionary relationships among haplotypes were inferred based on a parsimony network constructed using TCS version 1.21 (Clement et al. 2000) . The maximum number of differences resulting from single substitutions among haplotypes was calculated with 95% confidence limits. According to previous phylogenetic reconstructions of the genus Riggins and Seigler 2012) , Artemisia dracunculus L. and A. leucophylla (Turcz. ex Besser) Turcz. ex C.B.Clarke were included in the analysis as outgroups due to their phylogenetic relatedness (Genbank accession numbers: psbA-trnH (JN862129 and JN862055) and rpl32-trnL (JN862129 and JN862152).
Finally, haplotype spatial genetic structure was analysed with SAMOVA 1.0 (Dupanloup et al. 2002) , carrying out a simulated annealing approach to identify populations clusters (K). These groups are maximally differentiated from the others but geographically similar. K values ranged from 2 to 20, starting from 100 random initial conditions for each simulation. An F CT index of genetic differentiation was estimated among initial K groups, followed by an iterative simulated annealing mechanism to obtain the best group configuration and final F CT values, which was replicated 1000 times. The obtained configuration with the largest F CT value among the 100 tests was conserved as the best grouping of populations.
Species distribution modelling
We performed species distribution modelling (hereafter, SDM) to evaluate the potential distribution of A. crithmifolia under present climatic conditions. We used Maxent v3.3 (Phillips and Dudík 2008) software and employed the maximum entropy algorithm. Nineteen bioclimatic variables (at 30-s resolution) for western Europe under current conditions were obtained from the database of WorldClim website (www.worldclim.org; Hijmans et al. 2005 ). All these 19 variables (see Online Resource 1) were used together as predictors to calibrate the species distribution model with Maxent. In the occurrence data set, we employed the 48 georeferenced localities corresponding to the sampled populations of A. crithmifolia ( Fig. 1 ; Table 1 ). These occurrences were randomly split into training data (75%) and test data (25%), and 10 subsampled replicates were run for model evaluation. To reconstruct past suitable areas for A. crithmifolia, the distribution model under current conditions was extrapolated to the last glacial maximum (hereafter LGM, c. 20 kyr BP) using paleoclimatic layers simulated under two general atmospheric circulation models: the community climate system model (CCSM, Collins et al. 2006 ) and the model for interdisciplinary research on climate (MIROC, Hasumi and Emori 2004) . For comparative purposes, we performed an alternative SDM approach, with the same methods and parameters explained above but using only the most ecologically meaningful and best-performing variables inferred from the first analysis (i.e. bio4, bio 6, bio7 and bio 15, see Online Resource 1).
Results
Genetic diversity
The sequences of psbA-trnH and rpl32-trnL intergenic spacers were aligned in two matrices containing 362 and 663 bp, respectively (see Online Resource 2 for Genbank accession numbers, Online Resource 3 and 4 for the alignments). Low levels of variation in these plastid regions were detected (five nucleotide substitutions-four of them parsimony informative-and one indel of 11 bp). Based on these polymorphic sites, we were able to identify seven haplotypes among the A. crithmifolia populations, and total haplotype diversity (Hd) was estimated to be 0.69. Most populations (42) contained only one haplotype, while five of them exhibited some diversity among individuals. With the exception of haplotype E (only found in population PI4 from the southern Iberian Peninsula, Fig. 1 ), the remaining chlorotypes were shared by several populations. Haplotype A showed the highest frequency (41.4%), followed by haplotype C (36.8%), whereas the rest of them showed much lower frequencies (6.8-0.8%). Haplotype A was found in 21 populations-the only one found in 18 of them-distributed along the coast of France, Belgium, the Netherlands and in one of the two known populations from the UK (UK1). Haplotype B was found in four populations from France and one population from the Netherlands. Haplotype C was detected in 18 populations, of which it was the only one detected in 17 of them. Haplotype C was mainly distributed across the Iberian Peninsula, and in the second population from the UK (UK2). Haplotype D was present in three different populations from France-the only haplotype found in two of them-and in the unique population from the northern coast of the Iberian Peninsula (PI20). Finally, haplotypes F and G were only detected in three populations from the Iberian Peninsula, one of them sharing both haplotypes (Pl5).
The haplotypic evolutionary relationships are shown in the parsimony network (Fig. 1) . This network implies that most of the haplotypes are connected by a single mutation step, haplotype E being the only one separated by two nucleotide substitutions from its genetically closest neighbours (haplotypes B and C). The highest root probability was assigned by TCS to haplotype C (P = 0.33), which was central within the network, showed the second highest frequency (36.8%) and was widespread on the Iberian Peninsula. The outgroup species, A. dracunculus and A. leucophylla, were separated by 10 and 16 mutation steps, respectively, from haplotype F.
The results of the spatial analysis of the genetic structure carried out with SAMOVA showed similar results to the previous analyses. Five was proposed as the most likely number of clusters that grouped all populations (U CT = 0.51, P \ 0.01). Each group was characterised by one of the haplotypes described previously in the network. The populations with the haplotypes E (PI4) and F (PI8) were grouped with the haplotype C in one group.
Species distribution modelling
The species distribution model for current conditions (Fig. 2) spanned the current distribution range of A. crithmifolia (from the southern Iberian Peninsula to the northern Netherlands), plus additional areas, such as isolated points on the northern African coast (where the species is no longer present). The mean area under the receiver operating characteristic curve (AUC; a measure of model fitness) for testing data was high (0.982), which supported the predictive power of the model. The standard deviation of the 10 replicates was low (0.005), and the omission rate using maximum training sensitivity plus specificity threshold was 4.44%. According to jackknife testing, the environmental variables with highest gain when used in isolation were bio4 (temperature seasonality), bio6 (minimum temperature of coldest month) and bio7 (annual temperature range), which therefore appeared to be the most informative (see Online Resource 1 and 5). The environmental variable that reduces the gain the most when omitted is bio15 (precipitation seasonality), therefore appearing to have the most information that is not present in the other variables (see Supplementary Information) .
The CCSM and MIROC models for the LGM yielded almost identical inferences for the A. crithmifolia paleodistribution. The CCSM model (Fig. 2b) inferred a restricted potential distribution in the southern half of the Atlantic coast of the Iberian Peninsula and the Atlantic coast of North Africa. This model did not support the occurrence of A. crithmifolia outside the Iberian coasts during the LGM. The MIROC model (Fig. 2b) inferred a larger distribution of suitable areas, also including the northern coast of the Iberian Peninsula and the southernmost part of the Biscay Bay. Both CCSM and MIROC models did not support the presence of A. crithmifolia in the northernmost areas of the European coastline.
The alternative SDM approach, using only the bestperforming variables (i.e. bio4, bio 6, bio7 and bio 15), resulted in similar projections (Fig. 2d-f ) to the models inferred with 19 variables (Fig. 2a-c) . The main difference between both approaches was in relation to the potential distribution of the species during the LGM, where the model using the four most informative variables inferred a larger distribution of suitable areas northwards up to the Biscay Bay. In this alternative SDM, the average test AUC for the ten replicate runs was 0.962, and the standard deviation was 0.011. The average omission rate using maximum training sensitivity plus the specificity threshold was 5.83%.
Discussion
In spite of the intense and representative sampling effort, the inter-and intra-population diversity was low and multiple haplotypes were found in only five populations (12.8% of the total), probably due to the number and type of regions considered, which could only partially cover the genetic variability of the species. This low intra-population variability and the well-defined genetic groups might suggest that the colonisation pattern during the range expansion along the coast line would have been the result of a mixture of punctual founder events, following a stepping stone pattern. For this range expansion along the coastal line, the formation of specialised structures in seeds (e.g. for water floating or promoting zoochorous dispersal) and/ or asexual vectors would be necessary (Vallès 1989) . The breeding mechanism of the species is also an important factor for the colonisation of new habitats and the survival of the population if a solitary individual reaches a new territory (Richards 1997) . Self-compatibility would promote an important advantage for the coloniser (Baker's Law, Baker 1955) although such a mechanism (or partial compatibility), albeit one that has been described in many congeners, is unknown in A. crithmifolia (McArthur 1994; Tkach et al. 2008) .
One of the genetic consequences of these dispersal mechanisms (only one seed or propagule to generate the whole population) is the occurrence of reduced genetic diversity, bottlenecking and allele fixation, that can be associated with founder events during range expansions (Frankham et al. 2002; Roman and Darling 2007) as observed in this study. It is thus essential to perform further studies using highly variable markers (e.g. AFLP, microsatellite or NGS approaches) to confirm these patterns of low genetic variability and the presence of barriers to gene flow.
Finally, the low inter-population diversity along the coastline and the stepping stone model found in this study not only corroborate previous findings in other plant species along the European Atlantic coasts (Kadereit et al. 2005), but also in other species of the genus Artemisia, such as the alpine A. eriantha Ten. (Sanz et al. 2014) or A. halodendron Turcz. ex Besser (Huang et al. 2013) .
Phylogeographic patterns in Artemisia crithmifolia
Haplotype networks and the SAMOVA groups had a clear geographic distribution (excluding the British populations). All the populations from the eastern Iberian Peninsula shared four haplotypes (two SAMOVA groups), whilst populations from northern Spain, France, Belgium and the Netherlands shared three other different haplotypes (three SAMOVA groups). This pattern suggested the existence of a barrier in the southern part of the Biscay Bay (Fig. 1) , which had already been proposed for other species (i.e. Lundy et al. 2000; Fontaine et al. 2007 ). In addition, the absence of populations on the north coast of Spain (with the exception of PI20) despite the presence of suitable habitats for A. crithmifolia (Fig. 2a) would also support the existence of such a barrier. Notwithstanding this, alternative explanations attributed to local factors, including urban sprawl-leading in some cases to the total disappearance of the suitable habitat for the taxon-or plant-plant competition cannot be discarded (Aseginolaza et al. 1985; Gredilla 1914 ). In the case of the British populations, which shared haplotypes with continental species, their origin could be inferred as the consequence of sporadic occurrences of long distance dispersal that might be mediated by water flows (Pingree 1993) . However, as hypothesised by Smith (2016) , their actual origin is not completely clear, and at least, the English population (UK1) could have arrived on seed mixtures from residual mounds of a close pumping station. Although the numbers of detected haplotypes were similar on each side of the Biscay Bay, some differences in haplotypic diversity and structure could be pinpointed. Haplotype C (i.e. the most common in the Iberian Peninsula) showed the highest probability of being the most ancestral haplotype of A. crithmifolia (according to Castelloe and Templeton 1994; Avise 2000) . Central positions in networks are generally interpreted as ancestral haplotypes. Additionally, haplotype F (endemic from the southern Iberian Peninsula and closer to haplotype C) could be the most closely related to the outgroup species, suggesting as well a putative ancestral origin for this haplotypic form. According to both rooting approaches and the presence of two scarce haplotypes (F and G), we highlight the importance of the south-eastern Iberia as centre of diversity for this species. Conversely, in the north group, although haplotype A is the most common, haplotypes D and B are also very frequent. A recolonised region can have either low or high diversity depending on whether it is derived from a single population expanding its range or from the admixture of various populations, but it is expected to have a low proportion of private haplotypes (Petit et al. 2003; Maggs et al. 2008 ). These differences in the richness, rarity and structure of the haplotypes of each group could be associated with the potential role of genetic refugia that have been proposed for the South European Peninsulas (i.e. Hewitt 1999; Petit et al. 2003) , including for marine coastal organisms (Maggs et al. 2008) . The Atlantic coastline of the Iberian Peninsula, from the Algarve to Biscay bay, has been recognised as a potential refugium for coastal species during Quaternary glaciations (Maggs et al. 2008; Nieto Feliner 2014) , although it has not always been considered the starting point for northern colonisation (e.g. Hoarau et al. 2007; Provan and Maggs 2012) . Other potential glacial refugia have been considered for several marine species (i.e. western of the English Channel or the south-west of Ireland, Coyer et al. 2003; Maggs et al. 2008; Provan and Maggs 2012) but the absence of private alleles in northern populations, the lack of coastal dune habitats in these localisations and the small differences between haplotypes found may suggest that these refugia were not suitable for A. crithmifolia.
Past and present species distribution modelling
The result of the species distribution modelling according to current conditions (Fig. 2a, d ) closely mirrored the current distribution pattern of A. crithmifolia (Fig. 1) , except for certain peripheral areas, such as North African or Mediterranean coastlines (i.e. continental and island), where A. crithmifolia is absent despite their environmental suitability, most likely due to the limitations of SDMs.
The results of cpDNA-based phylogeographic analyses are in line with the species paleodistribution modelling according to simulations of LGM climate, with a significant reduction in suitable areas in northern Europe for A. crithmifolia during the LGM (Fig. 2b, c, e) . The CCSMbased models showed paleodistribution patterns particularly consistent with the refuge of A. crithmifolia in the southern Atlantic coasts of the Iberian Peninsula during the LGM (Fig. 2b, e) . Subsequently, the species would have colonised (or recolonised) northern European localities from the refugial area proposed by the CCSM model, giving rise to the potentially derivative haplotypes that occur in France, Belgium and the Netherlands. In contrast, the MIROC-based models supported various potential refugia for the species: the southern Atlantic coast of the Iberian Peninsula, the southern Bay of Biscay (Fig. 2c, f) and the northern Bay of Biscay (Fig. 2f) . These latter models might indicate that southern haplotypes (c, e, f and g) may have persisted along southern Iberian Peninsula coastlines, whereas northern haplotypes (a, b and d) could have survived in potential refugia close to the Biscay Bay. In this scenario, the respective colonisation (or recolonisation) of northern Iberia and northern European coastlines could have occurred from those separate refugia independently. This scenario would also support the differences found between the genome sizes of the groups (Pellicer et al. 2009 ), thus highlighting the importance of glacial refugia in shaping plant genome diversity.
Conclusions
Iberian coasts have been recognised as potential refugia for many European species. The combination of several approaches (i.e. niche modelling, genetic markers, genome sizes) strengthens the potential conclusions and highlights the importance of these areas for species conservation, as has occurred with A. crithmifolia. In spite of the low levels of genetic diversity found, the combined analyses allow the interpretation of the phylogeographic patterns of the species. Future phylogeographic studies should try to include different methodologies to ensure the detection of these refugia in order to foster their conservation.
